Abstract-Cs2LiYCl6:Ce (CLYC) is a promising new inorganic scintillator for gamma and neutron detection. As a gamma-ray detector, it exhibits bright light output and better resolution and proportionality of response than traditional gamma-ray scintillators such as NaI. It is also highly sensitive to thermal neutrons through capture on 6 Li, and recent experiments have demonstrated sensitivity to fast neutrons through interactions with 35 Cl. The response of CLYC to other forms of radiation has not been addressed. We have performed the first reported measurements of the response of CLYC to several-hundred MeV protons. We have collected digitized waveforms from proton events, and compare to those produced by gammas and thermal neutrons. Finally we discuss the potential for pulse shape discrimination between them.
I. INTRODUCTION
E LPASOLITES are a promising new family of inorganic scintillators for duel-mode gamma and neutron detection. The most studied member of the elpasolites is Cs 2 LiYCl 6 :Ce 3+ (CLYC). It emits at a peak wavelength of 373 nm (well-matched to many commercial photomultiplier tubes), has a density of 3.31 g/cm3, and produces a bright light output of 20,000 photons per MeV electron equivalent. For gamma spectroscopy it provides an energy resolution of 4% at 662 keV, better than commonly-used NaI crystals [1] . CLYC also provides thermal neutron sensitivity by means of the 6 Li(n th ,α)T reaction and fast neutron sensitivity by means of both the 6 Li(n,α)T and 35 Cl(n,p) 35 S reactions [2] . Differences in scintillation decay times allow gammas to be distinguished from neutrons using pulse shape discrimination (PSD). The ability to detect and distinguish between gamma and neutron radiation in a single material is attractive for applications where size and complexity are limiting factors, such as hand-held radiation detection.
While the response of CLYC to gammas and neutrons has been extensively studied, the response to other forms of radiation is also of interest. The response to interactions with different ionization density can inform models of the scintillation mechanism. In addition, charged particle radiation is a source of background for space-based radiation detection, which is another application where reduction in detector size and complexity is beneficial. We report for the first time the response of CLYC to protons with energies of hundreds of MeV. 
II. PULSE SHAPE DISCRIMINATION
Several scintillation mechanisms with different time constants contribute to the light output from CLYC [3] . The contribution from the different mechanisms changes depending on the incident particle, so that different incident particles produce light with different time profiles, as shown in Figure  1 . By integrating over appropriate prompt (P ) and delayed (D) windows, we form the pulse shape discrimination (PSD) ratio R:
which discriminates between particles types. An example CLYC PSD histogram is shown in Figure 2 . The pulse shape of fast protons and whether fast protons can be distinguished from other particles types has not been reported previously. 
III. EXPERIMENTAL SETUP
Protons were produced at the Los Alamos Neutron Science Center (LANSCE), accelerated to an energy of 800 MeV, and delivered to the Proton Radiography (pRad) experimental area [4] . The beam was delivered in bursts of more than 10 8 protons in an interval of 5 ns. Several bursts separated by tens of μs were delivered in a given burst train. Because we were interested in the interaction of single particles, we could not place a CLYC crystal directly in the beamline. Instead, we placed a 1 cm 3 CLYC crystal 10 m away from a thin beam window, shown in Figure 3 , and 30
• off the beamline to detect scattered protons.
We surrounded the CLYC crystal with 2 inches each of lead and borated polyethylene bricks to reduce the background from gammas and neutrons, respectively. A plastic scintillator paddle in front of the crystal indicated the arrival of protons. Neither the crystal nor the shielding were thick enough to stop 800 MeV protons. Figure 4 shows the shielding around the CLYC, partially deconstructed to expose the shield layers.
A Hamamatsu R11265-100 PMT collected the light from the CLYC crystal. An Agilent U1065A Acqiris DC282 waveform digitizer sampled the waveforms every 500 ps. 
IV. ANALYSIS
We first selected interesting events by a coincidence between the plastic scintillator and the CLYC crystal. Even so far from the scattering location, many CLYC waveforms exhibited pileup. We visually inspected waveforms to select events without pileup, most of which occurred during initial beam tuning when the proton beam was not well focused into the pRad dome. Representative waveforms with and without pileup are given in Figure 5 .
The plastic scintillator was much larger than the 1 cm 3 CLYC and so experienced a large number of proton interactions in each event, even when the CLYC experienced only a single gamma or proton interaction. This is diagrammed in the inset of Figure 6 . While protons scattered off the beamline exit window at many energies, so many interacted with the plastic scintillator in each event that the first proton to reach the plastic in each event was at the upper end of the energy distribution. The start of the signal in the plastic was thus an approximately constant time after the beam pulse, while the interaction in the CLYC may be earlier if it was a gamma, or later if it was a slower proton. Subtracting the time in the plastic from the time in the CLYC gives the spectrum in Figure 6 . Pileup events were included in this figure to improve statistics. A smaller Gaussian peak, offset to time zero, indicates the arrival of prompt gammas in the CLYC, while later events are protons. Removing events in the gamma peak, the remaining 36 events without CLYC pileup are protons with energies between 150 and 700 MeV as indicated by TOF and simulated energy loss in the shielding.
V. RESULTS
In Figure 7 , we plot the PSD ratio R versus deposited from the identified proton events compared to gamma and neutron events from an AmB source. In this figure, we use integration windows appropriate for neutron and gamma discrimination, labeled n/γin Table I , and in Figure 8 we project the histogram onto the PSD axis. The pulse shape ratio from proton events does not show a trend with deposited energy. It is similar to that of gammas but there is a systematic shift toward larger Table I. values.
To explore the possibility of PSD between γ and proton events more fully, we construct average waveforms from the neutron, gamma, and proton events separately ( Figure  9 ). The proton average waveform is very similar but not identical to the gamma waveform. The times when the average waveforms cross suggest more appropriate integration times for proton PSD, marked γ/p in Table I . Constructing the PSD R with these values (10) demonstrates improved discrimination between proton and gamma events on average, although the distributions overlap. The thermal neutron and gamma peaks are still well-separated with these windows.
VI. CONCLUSIONS
Fast protons interactions that do not stop in a CLYC crystal give rise to pulse shapes very similar to gamma interactions. Since pulse shape differences generally arise from the ionization density of the interaction and these protons are nearly minimum ionizing, that result is to be expected. However, there are slight differences between gamma and fast proton waveforms that can be exploited to distinguish between them on average if not event-by-event.
